White-light supercontinuum generation can be readily observed when gold nanostructures are irradiated with short pulses of light. It is believed that the nanostructures enhance the optical elds, which facilitates the supercontinuum white-light generation from the surrounding environment or the substrate. Here, we investigate the dierent nonlinear processes that contribute to the generation of the supercontinuum from plasmonic nanostructures themselves using a technique that isolates the dierent nonlinear contributions. By exciting a gold nanolm with a pair of frequency shifted optical frequency combs, we demonstrate multiple modulation frequencies in the supercontinuum. and supercontinuum (SC) generation 5,10 can be observed at higher intensities. SC generation is also routinely observed when intense pulsed lasers are focused onto any dielectric medium, 11 and it has been suggested that the SC from the gold nanostructures originates due to the emission from the surrounding dielectric medium. The spectral broadening leading to the SC generated from the dielectrics is mainly due to the third-order nonlinear processes such as self-phase modulation (SPM), cross-phase modulation (XPM) and four-wave mixing (FWM). In such a process, the spectral width of the broaden spectrum, ∆ω, is proportional to the product of the intensity and the interaction length, ∆ω ∝ Iz (here I is the intensity and z is the interaction length). 11 In a typical dielectric medium, an excitation intensity of 10 13 10 14 W/cm 2 and the interaction length of few millimeters are necessary to observe appreciable spectral broadening. Alternatively, one can substantially increase the interaction length by using guided propagation of pulses in nonlinear optical (NLO) bers in order to generate broad spectrum at lower excitation intensity. 1214 The SC from gold nanostructures, on the other hand, is observed at a relatively lower excitation intensity (∼ 10 10 − 10 11 W/cm 2 ) as well as very short interaction length (∼ few tens of nanometers). 10 Although gold 2 nanostructures can locally enhance the electric eld, the intensity that is required to generate the SC within the interaction length of few nanometers from the surrounding substrate by SPM, XPM and FWM is about 10 18 W/cm 2 . As metal nanostructures cannot withstand such high intensities, it is unlikely that SC from the gold nanostructures and the dielectric medium originate from the same nonlinear processes.
1 its nanostructures are ecient emitters of dierent kinds of coherent and incoherent radiation when excited with short laser pulses. Two-photon photoluminescence (TPPL) 25 is common at low excitation intensity while high-harmonic 69 and supercontinuum (SC) generation 5, 10 can be observed at higher intensities. SC generation is also routinely observed when intense pulsed lasers are focused onto any dielectric medium, 11 and it has been suggested that the SC from the gold nanostructures originates due to the emission from the surrounding dielectric medium. The spectral broadening leading to the SC generated from the dielectrics is mainly due to the third-order nonlinear processes such as self-phase modulation (SPM), cross-phase modulation (XPM) and four-wave mixing (FWM). In such a process, the spectral width of the broaden spectrum, ∆ω, is proportional to the product of the intensity and the interaction length, ∆ω ∝ Iz (here I is the intensity and z is the interaction length). 11 In a typical dielectric medium, an excitation intensity of 10 13 10 14 W/cm 2 and the interaction length of few millimeters are necessary to observe appreciable spectral broadening. Alternatively, one can substantially increase the interaction length by using guided propagation of pulses in nonlinear optical (NLO) bers in order to generate broad spectrum at lower excitation intensity. 1214 The SC from gold nanostructures, on the other hand, is observed at a relatively lower excitation intensity (∼ 10 10 − 10
11
W/cm 2 ) as well as very short interaction length (∼ few tens of nanometers). 10 Although gold nanostructures can locally enhance the electric eld, the intensity that is required to generate the SC within the interaction length of few nanometers from the surrounding substrate by SPM, XPM and FWM is about 10 18 W/cm 2 . As metal nanostructures cannot withstand such high intensities, it is unlikely that SC from the gold nanostructures and the dielectric medium originate from the same nonlinear processes.
The SC generation has not been observed from the bulk gold despite its high intrinsic nonlinearity. 15 Thus it is reasonable that the optical properties of gold that only manifest in the nanostructures contribute to the nonlinear process. The nonlocal response of free electrons to the incident light elds in metals is one of such properties. 16 Generally, lightmatter interactions in dielectric materials are described by the local-response approximation (LRA) in which the electric displacement eld D(r, ω) induced at a point r by an incident light eld of frequency ω is proportional to the locally present eld E(r, ω). However, the free carriers in conducting media can mediate the response over nite distances, which may not be suciently described by LRA. 1720 In such cases, the displacement eld at a point is a cumulative response to the electric eld present in the surrounding region (nonlocal response), which is given by
where ε 0 and ε are the dielectric constants of the free space and the medium, respectively. 20, 25 In this paper, we experimentally study this possibility by separating dierent nonlinear contributions to the white-light generation and studying their properties. We show that the while-light generated from a rough Au lm has broader spectrum under lower excitation intensities than in nonlinear bres. The increased contribution of higher-order nolinearities in such a system may be facilitated by nonlocal response of free-electron gas.
Results and discussion
In the experiments, we have used a microscope setup (Fig.1 a) to measure the SC from a gold lm with a nanoscale roughness. The average surface roughness of the lm measured by an atomic force microscopy (AFM) is about 5 nm (Fig.1 b) . The extinction coecient of the sample and the spectrum of excitation laser are shown in Fig.1 c. The spectrum of the SC generated from the gold nanolm ( Fig.1 d) , spans whole of the visible spectrum such that the second-harmonic signal at 400 nm overlaps with the SC when the spectrum of the excitation laser is centered at 800 nm. For comparison, we have also measured spectral broadening in a NLO ber, where cascaded third-order nonlinear interactions are dominant.
The length of the ber is about 12 cm and the diameter of the core is 1.6 µm. The SC from the ber has narrower spectral width with a sharp cuto at the visible wavelengths even at the excitation intensity of 10 12 W/cm 2 .
Previous measurements done by Mühlschlegel et al., 5 and Biagioni et al., 26 show that the SC from gold nanoantennas scale with the fourth power of the excitation intensity. However, 4 such dependence alone does not ascertain the order of nonlinear interaction if the signal arises from dierent nonlinear processes. As the nonlinear response based on the nonlocal interactions suggests that dierent orders of nonlinearity contribute to the SC, we have used a novel technique of phase-sensitive detection (PSD) 27 to disentangle the nonlinear processes that contribute to the SC. The PSD scheme uses interferometry of a pair of frequency combs that originate from the same mode-locked oscillator (Fig.2 a) . In our measurements, both combs have a tooth spacing of 70.17 MHz but the frequencies of the corresponding teeth in the combs, ω 1 and ω 2 , dier by φ = 50 kHz (i.e., the oset frequencies dier by 50 kHz).
It is well known that the signals generated by the linear interaction of such two combs in a sample, such as, e.g., photocurrent, are modulated at a frequency φ (lower panel in Fig.2 b), while the contributions at higher multiples of φ are due to the signals that arise from the nonlinear interactions.
27,28
We rst compare the signal observed in a typical TPPL from a dye and the SC from the gold nanolm. The TPPL from rhodamine 6G ( Fig.2 b (upper panel)) gives contributions at φ and 2φ modulation frequencies. The contributions at these two frequencies is a general feature of the signals arising from a two-photon absorption 27 process. Here, it is also important to note that artefacts at higher modulation frequencies can arise if the lifetime of the uorescence is longer than the repetition rate of the laser. 28 As the uorescence lifetime in rhodamine 6G is about 4 ns, which is substantially shorter than the repetition time of the excitation pulses (about 14 ns), it is free from such artefacts. Similarly, the emission lifetime from gold nanolm has been reported to be shorter than few picoseconds. Our measurement of the emission lifetime using a streak camera (the inset in Fig.1 d) is limited by the response time of the detection system (4 ps), which suggests that the lifetime is substantially shorter.
Thus, two-photon induced emission under the experimental condition is expected to show modulations at the two frequencies. However, our measurements show modulations up to 4φ in the SC from the gold nanolm. Therefore, the SC from the nanolm is not only the TPPL emission. The highest modulation of 4φ suggests that the high order interactions, 5 possibly with dierent orders of nonlinearity, contribute to the SC generation.
Next, we compare the modulations observed in the SC from a NLO ber and the gold nanolm. As shown in Fig.2 c, modulations at all the harmonics of φ are present in the SC from the NLO ber. However, these modulations are not due to high-order nonlinear interactions but from a cascaded FWM process, 29 which is a third-order interaction. 12 A FWM of two frequencies ω 1 and ω 2 produces new comb frequencies at ω 1 ±φ and ω 2 ±φ. The long interaction length in the ber facilitates the repeated FWM with the new frequencies that eventually leads to the generation of comb lines at a regular spacing of φ. In order to distinguish if the modulations in the SC from a gold nanolm are related to the cascaded FWM or the higher-order nonlinear interactions, we compare the relative amplitudes of the signals at the dierent modulation frequencies. The amplitudes at the higher modulation frequencies decrease rapidly in the SC from gold nanolm, which is characteristic of highorder nonlinear interaction. Such clear trend is not observed in the SC from the ber. In fact, the signals at 6, 7 and 8φ are stronger than the signal at 5φ.
The intensity dependence of the SC also helps us to disentangle the underlying processes.
Unlike the previous measurements, where only average power of the SC were measured, 5, 26 we have measured the signals at the dierent modulation frequencies. Fig.3 shows the signal amplitude as a function of excitation intensity at the modulation frequencies φ and 2φ in the SC from the NLO ber (a) and the gold nanolm (b). For the SC from the ber, we observe a clear saturation of the signals at the lower modulation frequencies (Fig.3 a) with the appearance of the signals at higher modulation frequencies (Fig.2 c upper panel) .
The signals at the higher modulation frequencies is due to the transfer of amplitude from the lower modulation frequencies via cascaded FWM processes. We note that appreciable spectral broadening is observed only at the excitation intensities above 10 12 W/cm, which is an order of magnitude higher than the intensity at which the SC generation is observed in the gold nanolm. In contrast to the modulated signals from the NLO ber, the signals from the gold nanolm increase with higher powers of the excitation intensity, which is characteristic of the contributions from non-cascaded nonlinear processes.
It is important to note that the slopes of the intensity dependences of the signals at φ and 2φ frequencies are 3.6±0.1 and 4.7±0.2, respectively (Fig.3 b) : if the amplitudes at φ and 2φ frequencies would have the same slope, both the signals would originate from the same nonlinear process. 27 This further ascertains that the SC from the gold nanolms do not arise from a third-order light-matter interaction but from higher-order nonlinearities.
27
Conventionally, the higher-order nonlinearities require higher excitation intensities to become comparable with lower-order nonlinear contributions, however, if a nonlocal nonlinear response from free-electrons in nanoscale plamonic structures is present, higher-order nonlinearity may become important even at lower excitation intensities. 20 Thus, the contribution from higher-order nonlinearities increases faster in the system with a nonlocal response than with the local one, leading to the increased total radiated nonlinear generation. This eect may be a signicant factor in the observed ecient SC generation from nanoscale plasmonic lms.
Recent studies demonstrated a nonlocal optical response from the Au lms of a 5-nm nominal thickness which consist of nearly percolating nano-islands of Au with a sub-nanometer inter-island separations. 30 Interestingly, white-light generation has been found to be the most ecient in such lms. Theoretical models suggest that the nonlocal response dampen the local transverse electromagnetic eld and facilitates excitation of the longitudinal modes. 22 Accordingly, one would expect the nonlinear optical response from the bulk which is associated with the transverse eld components to be suppressed by the nonlocal eects. Nevertheless, the longitudinal modes excited due to the nonlocal eects open up new pathways of ecient nonlinear interactions, which may contribute to the observed high-order nonlinearity and the white-light generation in the nanolms.
Conclusion
We have investigated the SC generation from the gold lms with nanoscale roughness and showed that the nonlinear emission is not due to the cascaded third-order processes in the substrate but due to higher-order nonlinear processes in the plasmonic lm itself. The observed SC emission spectrum at moderate excitation intensities are broader than the SC spectrum of the ber at much higher excitation intensity. The spectrum of the SC and its intensity scaling indicate that nonlinearity associated with the nonlocal response of the freeelectrons in the nanolms may contribute to the nonlinear response. The observed eects are important for the description of light-matter interactions with nanoscale plasmonic structures and should be considered in the design of nonlinear nanophotonic devices.
Materials and methods.
Sample preparation and characterization. Ultra-thin gold lm (5 nm nominal thickness) was deposited on a clean glass slide (Thermo Scientic Microscope Slides) by using magnetron sputtering (AJA Orion 5 sputtering system). At a 5 nm nominal thickness, isolated, 3D metal islands formed on the substrate surface, 31 which was conrmed by an AFM image and an optical transmittance spectrum. AFM (Digital Instrument, Dimension 3100) was employed to observe surface morphology of the thin gold lm at a scan rate of 0.5 Hz. The transmittance spectrum of the thin gold lm was taken by using Agilent 845x UV-visible spectrophotometer. A surface plasmon excitation was observed at the wavelength of about 800 nm. A Ti:sapphire oscillator (Tsunami, Spectra Physics) was used as the excitation light source for measuring the spectrum and lifetime of the SC emission. The oscillator produced pulses with a duration of about 35 fs at a repetition rate of 80 MHz. The center wavelength of the femtosecond pulse train was at 800 nm. The spectrum of the SC white-light, which was generated by exciting the nanolm with the femtosecond pulses, was measured by using a picosecond streak camera (C6860, Hamamatsu). The streak camera was coupled to a Chromex spectrograph and triggered by the Ti:sapphire oscillator. A short-pass wavelength lter at 675 nm was used in front of the spectrograph to cut o the scattering from the excitation pulses. The measurement of the lifetime of the emission was limited by the response time (4 ps) of the detection system in the streak camera.
Measurements of the dierent nonlinear signals using a dual frequency comb interferometry. The schematic of the Mach-Zehnder interferometer, which was used to generate a pair of frequency combs, is shown in Fig.2a . of the two beams were shifted using AOMs in the arms of the Mach-Zehnder interferometer.
The COF of one of the beams was shifted by 55 MHz while that of the other was shifted by 54.95 MHz. The two beams were combined in a second 50:50 beam splitter. The temporal overlap between the two beams was optimized using a piezo driven delay stage. One of the outputs of the interferometer was directed to an inverted microscope (Nikon Ti-S).
A reective objective (36X/0.5 NZ, Edmund Optics) was used to focus the beam onto the gold nano-lm sample. The SC white-light emission from the sample was collected using the same microscope objective. A dichroic mirror (FF670-SDi01-25x36, Semrock), was used to separate the emission from the excitation beam. Another OD 4 short-pass lter with cuto at 625 nm was used to further suppress the scattered excitation beam. An APD (LCSA3000-01, Laser Components) was used to detect the emission. The electronic signal from the APD was digitized at the rate of 20×10 6 samples per second by using a 14 bit digitizer (ATS9440, AlazarTech). The digitized signals were analyzed by using Fast Fourier
Transforms or a generalized lock-in amplier. 32 The second output of the Mach-Zehnder interferometer was directed to a SC generation kit (SCKB, Thorlabs). The white-light from the SC generation kit was detected by an amplied photodiode (PD36A, Thorlabs). The signal from the photodiode was digitized and analyzed similarly to the signal from the APD. 
